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ABSTRACT
Apparatus to synthesize and dope high purity,
optical quality fused silica by flame hydrolysis was
constructed.

Fused silica samples containing 0,

<35,

35 and 90 ppm niobium were synthesized and characterized
by the following properties:

purity , refractive index,

radiation damage resistance, and transmission spectra.
The properties of the undoped sample were shown to be
comparable to those of available commercial fused silica.
Deviations in the properties of the doped samples from
those of the undoped samples were explained in terms of
the niobium content.

iii

ACKNOWLEDGEMENT
The author wishes to acknowledge Dr. P. Darrell Ownby,
his advisor, and Dr. Norbert J. Kreidl for their
encouragement and guidance throughout the course of this
research.

The Dynasil Corporation of America is

gratefully acknowledged for its support of this project.
The following are also acknowledged for their
contributions.

Dr. David McKown and his group at the

Research Reactor Facility, University of Missouri-Columbia,
performed the neutron activation trace element analyses.
Dr. Peter Mattern of Sandia Laboratories, Livermore,
California, measured the spectra.

The Stauffer Chemical

Company of Suspension Bridge, New York, provided the
silicon tetrachloride.
Finally, the author extends his thanks to his wife,
Bonnie, for her patience and understanding during the
course of this project.

iv

TABLE OF CONTENTS
Page

ABSTRACT.

• .

•

~

..

.

..' ...

ACKNOWLEDGEMENT

iii

TABLE OF CONTENTS

iv

LIST OF ILLUSTRATIONS

v

vi

LIST OF TABLES • . •
I.
II.
III.
IV.

v.
VI.

INTRODUCTION

l

LITERATURE REVIEW . .

6

EXPERIMENTAL .

• .

.

RESULTS AND DISCUSSION .

. . .
.
. . . .
WORK.
. . . . . .
. . . . . . .

CONCLUSIONS.
FUTURE

BIBLIOGRAPHY.
VITA.

ii

• .

.

.

. • •
.

. •

. . .
. . .
. . . . . . . .
. . . . . . . . .

.

9

15
25
27
29

30

v

LIST OF ILLUSTRATIONS
Figures
1.

Page

Schematic of Apparatus Used to Synthesize
Undoped Fused Silica.
• . . . . •

10

Schematic of Apparatus Used to Synthesize Doped
Fused Silica.
. . .

12

Photographs of an Unpolished Boule of Undoped
Fused Silica.

16

Cross Section of a Boule of Niobium ··Doped Fused
Silica.

17

5.

Spectra of Undoped Fused Silica .

21

6.

Spectra of 35 ppm Niobium Doped Fused Silica.

22

7.

Spectra of 90 ppm Niobium Doped Fused Silica.

23

2.
3.
4.

vi

LIST Of TABLES
Tables
I.
II.

Page

Typical Impurity Levels Occurring in Various
Types of Fused Silica. . . . . . . . • • . . .

3

Trace Element Analysis of Doped and Undoped
Samples.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

18

l.

I.

INTRODUCTION

M~ny of the unique properties of fused silica may be

understood in terms of the random network structure
proposed by Zachariasen (Zachariasen, 1932).

The role of

impurities in fused silica may be equally well understood
by assuming that the primary effect of an impurity is
to disrupt the continuity of the structure, thereby
weakening the network bonding.

Thus, the shift to

longer wavelengths of the ultra-violet absorption edge
of the relatively impure "natural" fused silica formed
by fusion of quartz is readily explained.

The production

of color centers, as indicated by absorptions at 220,
300 and 550 nm, upon irradiation of "natural" fused
silica with high energy neutrons or gamma rays is
attributed to damage at impurity sites (Stevels, 1960).
Thus the high purity attainable in fused silica prepared
by flame hydrolysis of silicon tetrachloride explains
its resistance to such radiation damage.
low refractive index (nD

=

Finally, the

1.45) of fused silica is

directly attributable to the openness of the continuous
random network structure.

Impurities tend to cre ate

non-bridging oxygens and fill interstitial sites,
resulting in a more dense structure with a correspondingly higher refractive index.
Commercial f used silica is commonly produced by one
of four methods.

Gl~sses

formed by each method are
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characterized by intrinsic impurity levels peculiar to
the formation technique.

Consequently, the properties

of fused silica are very much dependent upon the formation
technique.

Typical impurity levels of the various types

of fused silica are listed in Table I.
Type I fused silica is produced by electrical fusion
of quartz in an inert atmosphere.

Impuri ti es are

introduced into the melt by the quartz and also by the
crucible material due to the inevitable reaction that
occurs at the high temperatures necessary to fuse quartz.
Type II fused silica is produced by flame fusion of quartz
powder in a Verneuille process.

Because this is a

deposition process, contamination from the crucible is
largely eliminated and the impurities are introduced
mainly from the quartz.

Type III fused silica is produced

by flame hydrolysis of silicon tetrachloride.

Because

silicon tetrachloride is a volatile liquid (b.p. 57°C)
i t is easily purified by distillation.

In addition,

flame hydrolysis is a deposition process which aids in
elimination of contamination by crucible materials.
Type IV fused silica is produced by oxidation of silicon
tetrachloride in a water-free plasma flame.

This

technique realizes advantages similar to those achieved
in the flame hydrolysis technique.

In addition, the

high hydroxyl content is obviated by the lack of water
in the flame.

3.

TABLE I
TYPICAL IMPURITY LEVELS OCCURRING IN
VARIOUS TYPES OF FUSED SILICA
Type

Im:eurities (p:em)
Metals

Type I

> 50

Type II

50

Type III

10

Type IV

10

HJ:drOX;il

-

5

150-400

-

Chlorine
0
0

1000

100

0.4

200
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Because of the sensitivity of certain properties
of fused silica to impurities, a great interest exists

in doping high purity fused silica with various metal
ions in order to determine their effect upon certain
properties, particularly optical transmission.

In

addition, it is possible to control other properties,
such as diffusion and gas permeation, by selective
addition of larger concentrations of various element s to
the base glass.

Therefore, it is of interest to develop

a single method by which silica glasses containing known
metal ion concentrations, from less than l ppm up to
several percent, may be synthesized.

In this way, the

compositional effects of various elements may be observed
directly without the complications that arise from
variations due to different glass histories.
The present work is preliminary to the overall
objective of synthesis and characterization of high
purity doped silica glasses.

Flame hydrolysis of

silicon tetrachloride has been chosen as the method of
synthesis because (a) high purity is attainable with
this method,

(b) problems of incomplete melting and

devitrification at the crucible-melt interface are
obviated by the deposition process and (c) the intimate
mixing of the reactants in the gas phase assures the
greatest possible chemical homogeneity.

The immediate

concern is to obtain equipment capable of synthesizing
silica glasses of variable composition and sufficient

5.

purity and quality to carry out the above mentioned
research.

Therefore, the purpose of the present work

is to construct the necessary apparatus and to synthesize
and test a limited number of glass samples in order to
indicate the quality of the glass produced.
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II.

LITERATURE REVIEW

Synthesis of fused silica by flame hydrolysis of
silicon tetrachloride was first revealed in a patent
application in 1934 (Hyde, 1942).

In that work, Hyde

discovered that silica could be produced by reaction of
silicon tetrachloride in an oxy-hydrogen flame.

The

silica thus produced was reported to be of such a nature
that it was readily sintered at relatively low
temperatures

(ca. l200°C).

Hyde proposed using this

silica either for bonding materials such as sand, alumina
or mullite by heat treatment of a mixture of the silica
and the material to be bonded or producing a clear silica
article by sintering the silica as it was deposited.
In the latter application, the advantages of extreme
purity and low sintering temperature were realized.
Five years after Hyde's revelation of the flame
hydrolysis method of synthesizing fused silica, an
application was made to patent a low expansion silicatitania glass produced by a similar process
1943).

(Nordberg,

Nordberg reacted a mixture of the anhydrous

chlorides of silicon and titanium in an oxy-hydrogen
flame to produce a glass containing up to 11 percent
titanium.

This was the first reported multi-component

glass made by this method.

Recent work with this system

(Schult.z and Smyth, 1970; Schultz, 1972) has lead to the
development of glasses with extremely low coefficients
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of thermal expansion.
Some years after the original work on flame hydrolysis
of silicon tetrachloride, Nitsche adapted an electrolysis
procedure (George, 1959) to the purification of silica
during deposition (Nitsche, 1967).

Nitsche imposed

a d.c. voltage of 500 to 1000 v/cm between the burners
and the substrate in order to cause migration of metallic
impurities from the glass under the influence of the
electric field.
Since the discovery of the flame hydrolysis process
by Hyde, high purity fused silica has become available
commercially under a variety of trade names.

The

properties of such glasses have been well studied, and
these studies have recently been reviewed (Bruckner,
1970, 1971).

In general, the properties of these

glasses are similar and explainable in terms of their
low metallic impurity content
content (1000 ppm).

(~10

ppm) and high hydroxyl

Evidence of this statement is

given in works related to the chemical analysis
(Hetherington and Bell, 1967) and refractive index
(Malitson, 1965) of various commercial fused silicas
made by the flame hydrolysis process.

In the former

work, Hetherington and Bell give trace element analyses
indicating that the glasses studied are similar in
purity, typically containing less than 1 ppm metallic
impurities.

In the latter work, Malitson gives a

8.

comparison of the refractive indexes of glasses produced
by different companies using the flame hydrolysis process.
The refractive indexes of the various specimens examined
are reported to vary only in the sixth decimal place
for most wavelengths.

These two works are significant

in that they give evidence of the reproducibility of
purity and quality attainable in glasses made by flame
hydrolysis.
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III.

EXPERIMENTAL

The apparatus constructed in the present work is
similar in concept to that used in previous works
(Hyde, 1942; Nordberg, 1943).

It consists of a still

and a small two burner furnace.

The still was made

from standard laboratory glassware and connected to a
manifold which feeds the burners by means of inert plastic
tubing.

The furnace was made from high temperature

refractory brick.

A castable refractory crucible rested

on a turntable which rotated slowly at the bottom of the
furnace.

A schematic of the apparatus is shown in

Figure l.
The starting material for the fused silica produced
in the present work was high purity silicon tetrachloride
provided by the Stauffer Chemical Company of Suspension
Bridge, New York.

Niobium pentachloride (99.5 percent)

purchased from the Research Inorganic Chemical Corporation,
Sun Valley, California, was used as the source of
niobium in the doping experiments.
Synthesis of undoped fused silica was accomp lished
as f ollows:

An oxyge n -propane mixtur e wa s burned in

the furnace to provide water vapor and heat.

When the

surface of the crucible reached an appropriate t e mperatur e
(c a . l550°C), doubly dis t ille d silicon t etrachloride
vapors were entrained in a carrier gas (oxygen), fed

10.

DISTILLATION COLUMNS

MANOMETER

OXY-PROPANE
MIXTURE
SHIELDING GASSE

VARIABLE HEATERS
Figure 1.

Schematic of Apparatus Used to Synthesize Undoped Fused Silica.
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into the oxy-propane flame where they were hydrolyzed.
The resulting fused silica was deposited in the slowly
rotating crucible~

The above process may be described

by the following equations:

( 1)

2Sicl 4

(v)

+ 4H 2 o

+ heat
(v)

~2sio 2

+

(2)

(glass)

8HCl
(v)

The total reaction is
C 3 H8

(v)

8HCl
(v}

+ 50 2

(v)

+ 3C0 2

+ 2SiC1 4

(v)

- 2 s i o2

+
(glass)

(v)

Synthesis of niobium doped fused silica was
accomplished in a similar manner.

A flask containing

niobium pentachloride was added to the distillation
apparatus as shown in Figure 2.

When the surface of the

crucible reached the appropriate temperature, the silicon
tetrachloride and niobium pentachloride vapors were
separately entrained in a carrier gas and then mixed
in the vapor phase.

The mixture was fed into the

oxy-propane flame, hydrolyzed and deposited as before.

(3)
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DISTILLATION COLUMNS
MANIFOLD

MANOMETER

XV-PROPANE
MIXTURE
~-SHIELDING

GASSES

VARIABLE HEATERS
Figure 2.

Schematic of Apparatus Used to Synthesize Doped Fused Silica.
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Neutron activation analysis for the determination
of niobium and certain· trace elements in the glass s amp les
was performed by Dr. David McKown at the Research Reactor
Facility at the University of Missouri, Columbia.
procedure was as follows

The

(McKown, 1973) :

"Each gross sample was washed in
4N transistor grade HN0 3 and de-ionized
water. Each sample was placed in a
cleaned plastic bag and cracked into
smaller fragments using a sapphire
pestle.
The fragments were cleaned in
an ultrasonic cleaner using first
hydrofluoric acid, then 4N nitric
acid, and finally de-ionized water.
Individual fragments (approximately
150 mg) were weighed into cleaned
polyethylene vials and heat sealed
for analysis."
"
• • samples were independently
irradiated in the P-tube facility for
1.0 minutes at a flux of 5xlol3
N cm-2 sec-1 and counted for 200
seconds after a decay period of 14
minutes using a high resolution
Ge(Li) gamma ray detector.
The
samples were again counted for 500
seconds following a decay period of
20 minutes.
Standards .
. were
treated in the same manner."
Coloration effects during irradiation were
reported by Dr. McKown.
following experiment.

His observation prompted the
Fragments of fused silica

containing 0, 35 and 90 ppm niobium were placed in a
small storage cavity together with a cobalt-60 gamma
radiation source.

Any coloration changes were noted

after 24 hours and again after a week.
Refractive index measurements were made on fused
silica samples containing o, <35, 35 and 90 ppm niobium

14.

using the Becke line method and a sodium vapor lamp.
The refractive index of the index oils was measured to
±.0002 using an Abbe refractometer.

The refractive

index of larger samples with 0, 35 and 90 ppm niobium
was measured by Bausch and Lomb, Rochester, New York ,
using an immersion comparison technique.

The refractive

index of a commercial sample of fused silica made by
flame hydrolysis* was also measured by each technique
for comparison.
Spectra of fused silica synthesized in the present
work were measured between 200 and 3000 nm by Dr . Peter
Mattern of Sandia Laboratories, Livermore, California.
The samples contained 0, 35 and 90 ppm niobium and were
optically polished to a uniform thickness of 4.98 mrn.

*Obtained from the Dynasil Corporation of America,
Berlin, New Jersey.
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IV.

RESULTS AND DISCUSSION

Undoped silica deposited with the present apparatus
formed a massive boule, approximately 15 em in diameter
and 3 em thick.

The boule is amorphous and appears to

be clear and homogeneous to the unaided eye.

A picture

of an unpolished boule is shown in Figure 3, giving some
indication of the quality of · the glass.

Doped silica

containing <35, 35 and 90 ppm niobium, as determined
by neutron activation analysis, formed similar glassy
boules.

However, in the doping experiments, a

deposit formed on the . burner face as· the result of
premature hydrolysis of the niobium pentachloride.

The

deposit grew and eventually had to be scraped off to
prevent blockage of the feed jets.

This led to the

formation of inclusions at various levels in the boule
as shown schematically in Figure 4.

Analyses of fragments

taken from various parts of the boule indicate that the
niobium is homogeneously distributed throughout the
clear portions of the boule, while the

niobi~

content

in those fragments containing inclusions is somewhat
higher and appears not to be homogeneously distributed.
The results of

nc~tron

activation analysis are given

in Table II along with the detection limits for some
elements not detected.

The low metallic impurity level

of the undoped sample is typical for fused silica made
by this technique.

The metallic impurity level of the

16 .

University of Missouri - Rolla

Figu r e 3 .

Pho t o graph s o f a n Unpolishe d Boul e of Undoped
Fu s e d Silica .
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INCLUSIONS

CRUCIBLE

Figure 4.

Cross Section of a Boule of Niobium Doped Fused Silica.
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TABLE II
TRACE ELEMENT

ANAL~SIS

OF DOPED AND UNDOPED SAMPLES

Concentration . <:e:e:m>

Element

Nb Doped*

Detection Limits <;e;em)

Undoped

Arsenic

n.d.

n.d.

0.01

Bromine

n.d.

n.d.

0.01

Cadium

n.d.

n.d.

0.1

69

n.d.

Chlorine

67

Chromium

n.d.

n.d.

10.00

Cobalt

n.d.

n.d.

0.04

Copper

n.d.

n.d.

10.00

Gallium

n.d.

n.d.

0.05

Iron

n.d.

n.d.

1.0

0.04

Manganese
Silver

n.d.

Sodium

7.2

Tantalum

0.36

Titanium

*90 ppm niobium

n.d.

0.06

n.d.

n.d.

0.02

0.2

n.d.

n.d.

0.01

n.d.

10.00
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doped silica is about 7.3 ppm higher than that of the
undoped silica.

It is felt thqt the impurities were

associated with the doping process but, with proper care,
may be reduced to the level attainable in the
undoped silica.

Nevertheless, the total metallic

impurity content of the doped fused silica was about
five times lower than is attainable using conventional
melting techniques.
Undoped samples continuously irradiated by a
cobalt-60 gamma ray source showed no visible coloration
after a week's time.

This is characteristic of high

purity fused silica.

Doped samples, irradiated

simultaneously with the undoped samples, turned the
color of smokey quartz after less than 24 hours.

This

coloration upon irradiation is usually attributed to
aluminum impurities in the silica network (Stevels, 1960).
It is suggested that the niobium in the present case
serves the same function as the aluminum, e.g., it acts
as a highly charged trap for electrons produ6ed by
ionizing radiation.
Measurements by the author indicated that the
refractive indexes of fused silica synthesized in the
present work containing 0, 35 and 90 ppm niobium and that
of a sample of fused silica obtained commercially were
all between 1.457 and 1.460.

Measurements by the Bausch

and Lomb Co. using an immersion comparison technique
indicated that the indexes of the present undoped sample

20.

and the commercial sample were the same and equal to
1.4580.

Likewise, the indexes of the 35 and 90 ppm

niobium doped samples were the same and equal to
1.4585.

The higher index of the doped sample is

expected and presumed to be due to the higher metallic
ion content.
The transmission spectra of undoped fused silica,
35 and 90 ppm niobium doped fused silica are shown in
Figures 5, 6 and 7 respectively.

The spectral features

of all three samples are similar in the range measured
(200- 3000 nm), showing only those bands associated with
hydroxyl vibrations at about 2700, 2210 and 1390 nm.
Differences in the absorption at the wavelength of the
hydroxyl bands were noted, indicating the hydroxyl
content is different from sample to sample.

It is not

known, however, whether this difference is a function
of the niobium content or merely due to differences in
furnace conditions during production.
uniformly high transmission

(~93%)

All samples showed

in the region

between the ultra-violet absorption edge and the hydroxyl
bands giving some evidence of the high purity of the
samples.

In addition, the absence of an absorption in

this region of the spectra of the dope d samples indicate s
that the niobium enters the glass as the Nb 5 + ion.
Perhaps the most informative feature of the s pectra
is the position of the ultra-violet absorption edge .
In the absence of transition metals, absorption in this
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region is due to transition of electrons of the
bridging oxygens into the conduction band.

The position

of this band will shift to longer wavelengths for weaker
bonded electrons.

By arbitrarily designating the point

at which the transmission falls to 50 percent as the
ultra-violet absorption edge, this edge is seen to
shift from <200 nm for the undoped to 241.1 and 245.9 nm
for the 35 and 90 ppm niobium doped samples respectively.
This may be interpreted as evidence that the niobium
tends to significantly weaken the silica structure.

25.

V.

CONCLUSIONS

In the present work, experimental apparatus capable
of synthesizing and doping high purity, optical quality
fused silica by flame hydrolysis has been constructed.
Properties of the present undoped fused silica, such as
purity, radiation damage resistance, refractive index
and transmission spectra, were shown to be comparable
to those of available commercial products.

In addition,

fused silica . samples doped with <35, 35 and 90 ppm
niobium were also prepared using this same equipment.
Neutron activation analysis indicated that, with the
exception of the dopant, the metallic content of these
samples was less than 10 ppm.

The doped samples proved

to be higher in refractive index and more susceptable
to radiation damage than the undoped samples, indicating
that the niobium acts as an impurity, disrupting the
continuous silica network.

The absence of transitions

in the visible and ultra-violet regions of the spectra
indicates that the niobium is present in the glass as
the NbS+ ion.

The presence of such an ion in the glass

provides a trap for electrons produced by ionizing
radiation thus explaining the susceptability to radiation
damage of the doped samples.

In addition, the ultra-

violet absorption edge shifts progressively from
<200 nm for the undoped silica to 245.9 nm for the 90 ppm

26.

niobium doped silica, g-iving evidence of the weakening of
the silica network with increasing niobium content.
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VI.

FUTURE WORK

The present work represents the culmination of the
initial stage of a comprehensive study of silica based
glasses.

The project was conceived in three stages.

The first involved construction of the apparatus necessary
to synthesize the glasses to be studied.

Future work

involves synthesis and study of doped fused silica and
the development of new glass compositions.
Study of doped fused silica involves characterization
of high purity fused silica containing minute, but known,
amounts of various metal ions.

By observing property

changes as functions of both dopant and concentration, it
is possible to elucidate information on the basic structure
of glass.
Development of new glass compositions is possible
with the present technique because of the ability to
avoid devitrification by the deposition process.

At

present, interest has been shown in the effect of
composition on gas permeation and diffusion.

This results

from the fact that diffusion through glass is limited
by the size of the interstices through which the diffusing
species must pass (the so called doorway problem) and
the opportunity for bonding of the diffusing species.
The size of interstices and the opportunity for bonding
are both dependent upon the glass composition.
the opportunity exists for subtley altering the

Therefore,

28.

permeability of silicate glasses.

Consequently, it is

felt that well characterized glasses produced by the
present technique will form the basis for future
permeation studies.
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